The standard thermodynamic functions-heat capacity at constant pressure C;, its ratio to that at constant volume, the entropy So, the enthalpy minus that at absolute zero (H 0 _ H ~ ), and the Gibbs energy function (G 0 -H ~ ) IT were calculated for 131 gaseous ions in the temperature interval 100-1000 K, and are presented in tables. The input data included structural information (bond lengths and angles), vibrational spectroscopic information (vibrational frequencies and degeneracies), and electronic level occupation and degeneracies for ions having unpaired electrons. These were taken mainly from a recent revie~ by the authors, and supplemented by further data fromthe literature, updated to the end of 1985.
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Introduction
Thermodynamic properties of polyatomic ionic species which exist, with reasonable stability, in aqueous solutions are included in the standard tabulations to a limited extent only. In the JANAF Tables,1 only a small number of them are covered, whereas Barin and Knacke 2 limit themselves to neutral. species. b On the other hand, the th~rmodynamic functions of such ions may be considered as quantities of interest in their own right, as well as being important in relation to chemical processes they might undergo like decomposition, association to complex ions, solvation in general, or hydration 3 in particular.
With the above motivation in mind, we have recently4 critically reviewed the available literature on structural and spectroscopic data of over a hundred polyatomic ions and calculated 'from them S ;911' their ideal gas standard state entropies at 298.15 K. In the present work, we extend the computation to a general tabulation of the thefI11.odynamic functions, following· the pattern of the standard compilations. 1.2 The molecular data chosen were given in our previous review,4 along with the considerations that led to their selection when more than a single set (complete or partial) was available or to their estimation when certain data were not established experimentally. To facilitate reference to these data, the numbering of ions in this work is identical to that in Ref. 4. ' '
In addition to the ionic species covered in the review 4 we have calculated in a similarrnanner the thermodynamic properties of the several actinyl ions M O~ + (n == 1 or 2) 5 and of some tetrahedral M -phenyl ionic species. 6 In the present study we have additionally included some 15 ions not discussed by us previously. For these the data are included in the text with specific comments on the data and their selection. In the selection of ions for our compilations we were guided by the availability of sufficient structural and spectroscopic data (which includes our ability to suggest reasonable estimates for the missing quantities) and the relevance of the calculation to hydration and solvation processes. A partIal tabulation of the thermodynamic functions for several of the species is given in a recent book by Krestov. 7 The temperature range covered in the tables, similar to that in the standard compilations,I.2 is somewhat arbitrary. No association or decomposition processes that may take place within this range were taken into consideration. Actually, the availability of the thermodynamic quantities may prove relevant to the stability of these ions relative to the products in the consideration of such processes. Similarly, the calculations do not include effects of a.llhannollicitie:s in the viblation, rotation-vibration interactions, and nonrigidity of the molecular rotator. In the text below the basis of the calculation is summarized and then specific comments are given for several of the entries. In these we also point out the few deviations of our evaluations from JANAF 1 values that go beyond the estimated errors in the calculated quantities. b) One of the referees called our attention to the recent Russian IVTAN compilation ofthermodynamic functions, which is presently unavailable to us. According to this information the only ion not also covered by JANAF ( Ref. 1) is HOi'" .
The Calculation
As pointed out in the previous section, the calculations o( the thermodynamic functions in this, as well as in previous 1.2 compilations, are based upon the ideal gas approximation and assume the separability of the translational, rotational, vibrational, and electronic degrees of freedom and therefore also the additivity of their contributions to the calculated values. In addition, the idealmode1s of the rigid rotator for the molecular rotation and the harmonic oscillator for the internal vibrations are assumed. These assumptions also limit the temperature range for which these calculations may be considered to be valid. The expressions below and the tabulated values are all for the standard pressure of 0.101 32S MPa. The numerical constants in the expressions below include fundamental physical constants the values of whi'ch were taken from Ref. 1 (inconsistencies with more modern values lead to deviations that are far below the estimated error in the evaluated quantities).
The translational contributions are calculated by the fol1owing simple expressions. For the heat capacity at constant pressure:
'Cptrans = (S/2)R J/{K mol) , for the entropy:
(l) Strans = R{ 1. 5 In M + 2.S1n T) -9.686 J/(K mol), (2) for the enthalpy:
(H -HO)trans = (S/2)RT kJ/mo} , for the Gibbs energy function:
-[G -Hu)/T]trans =R [1.51nM j 2. 5 In T] (3) -30.472 J/(K mol) , (4) whereR = 8.3144 J/(K mol) is the ideal gas constant, Mis the molecular mass in u, and T is the temperature in K. The numerical constants in the expressions are derived from the values of universal constants and the imposition of the standard pressure condition.
For the rotational contributions (nonlinear ions) the following expressions are applied. For the heat capacity at constant pressure:
for the entropy:
for the enthalpy:
[H -HO]rot = (3/2)RTkJ/mol, for the Gibbs energy function:
Here D is the determinant of the moments of inertia,
Ix
-Ixy -I:;cz D= -Iyx and their respective analogs, with m i the atomic masses in u and Xi'Yi' Zi their Cartesian coordinates in nm as measured from the molecular center of mass. The symmetry number a denotes the number. of equivalent m<?lecular positions the ion passes through during one full rigid rotation.
For linear ions which have only two (as opposed to three) rotational degrees of freedom and a single moment of inertia, Eqs. (5)- (9) have to be replaced by
for the Gibbs energy function:
y is related to the moment of inertia, I by:
with! = 1:; m;x~ and, as before, m; are the atomic masses in u and Xj their Cartesian coordinates in nm as measured from the molecular center of mass.
The vibrational contribution to the thermodynamic functions is the sum of the contributions of the (3n -6) vibrational degrees of freedom for nonlhlear ions or;, the (3n -5) vibrational degrees of freedom for linear ions. The pertinent expressions below are written for the contribution of each normal mode and, therefore, the degeneracy factor dU) is included. For the heat capacity at constant pressure: ' . [eU(i) 1 F for the entropy:
In the case of three metal ammine complex ions, we assumed free rotations of the ammine groups against the rest of the molecule. Such an assumption has the effect of chang· ing the value of the symmetl-y llumbcl> u to that appl-opl-iate when the rotating groups are considered as point masses. Additionally, for the torsional modes the vibrational contri· butions ofEqs. (10)-( 14) are replaced by the following. For the heat capacity at constant pressure: 
n (i) is the number of freely rotating ammine groups, and Ir is the reduced moment of inertia:
with I A and I B being the moments of inertia of the parts A and B of the molecule rotating against each other. q' is the symmetry number denoting the number of identical molecu· lar orientations the ion attains during an internal rotation of part A against ·part B. In the other cases, where the comple· ment of vibrational modes includes torsional motions, we found that the ca1culated 8 potential barrier for hindered rotation is high enough, relative to the temperature range considered here, for the regular expressions for the vibrational contributions of Eqs. (10)- (14) to be applicable. For ions with unpaired electrons, we also included the contributions 'of the electronic energy levels to the 'Computed thermodynamic functions. As there is no regularity in the energy and degeneracy of the electronic levels their contributions to the partition function have to be summed individually. Fortunately, only the lowest levels have to be consid· ered, as the contribution of energy levels above 5000 cm -1 is negligible even at 1000 K. This evaluation of the electronic contributions improves slightly the simpler calculation employed for this term in our previous publication on the entro· pies at 298.15 K.4 The term in the partition function q(j) related to an electronic level of energy E(i) is
Here, u (i) is defined by Eq. (14) but with E(i) replacing v(i). The preexponential term is the degeneracy as char· acterized by the quantum number of the total angular mo· mentnm (~pln-orhit conpled) jU) > The electronic partition function is then the sum .
The resulting electronic contributions to the thermodynamic functions are given by the following. For the heat capacity at constant pressure:
Sel R 2: [u(i) Ref. Data, Vol. 16, No.1, 1987 -(G-H., .7 410.4 425.i!> 439.7 452.6 464.6 475.9 4910.3 491>.1 50:3.4 514.2 522.6 53('.5 H-HD kJ/mol 4.27 8.11 13.13 18.96 21.70 24',89 25.12 31.7:5 :sa. 100 4:5.7:5 52.99 60.34 67.713 7:5.28 92.83 90.4:$ 96.07 105.73 113.42 121.14 128.96 J/K-mol 204.1 223.10 240.8 2:56.6 263.4 270.6 271. 1 284.!S 297.0 308.7 319.7 :$29.9 339.6 ::!-48.a 357.5 31>5.7 373.5 381. 0 388.2 395.0 401.6 Tabl. 99 138.71 JlI(-mol 223.4 270.4 290.4 299.0 307.8 308.4 324.8 339.7 3'.53.4 366.1 377.9 388.8 399.1 408.7 417.8 426.4 434.6 442.4 4:56.9 Tabl. 100 
Specific Comments
The accuracy of the data employed for the calculation8 was commented on in Ref. 4 for the individual ions. The entropies at 298.15 K may be taken as generally having an uncertainty of two to ten times the unit of the last digit re· ported. 3 The other thermodynamic' fu'l'lctions are no more accurate than this limit (except, of course, Cp/C v )'
The following comments pertain to the tables marked with an asterisk. ' Table 4 : O 2 -, The ion is in its ground electronic state 2TIgi at all temperatures of interest, the first excited state being9 at 25 300 cm -1. The discrepancies between the tabu· lated and JANAp i values exceed the estimated error and are related to the difference in vibrational frequencies and inter· atomic distance used in the computation, ours being the more modern values of Ref. 9 . Table 9 : VU Z ;-• The ground state of this 3d 1 ion is 2} 't 3 with J = 5/2. The first excited state is IO at about 14000 cm -1, and need not be taken into account at the tempera-tnre~ of lnterest. Table 9a : SbO+. This ion was no~ included in the pre· vious review. 4 The Sb-O bond length was taken as 0.1807 nm and the vibration frequency as 942 cm - 1. 11 Table 19: BO;. The input data have not been specified in the previous review, 4 since the standard molar entropy at 298.15 K was taken from the review by Srivastava and Farber. 12 Por the present calculations the B-O distance for this symmetrical linear ion was taken as 0.1291 nm, and the vibration frequencies were taken as VI 1220 cm-t, 1'2 = 610 cm-1 (doubly degenerate), and V3 = 2440 cm-I • These values are consisent with both the S'" and C; values given by Srivastava and Farber. 12 The discrepancies between the tabulated and JANApI values which exceed the estimat· ed error, are related to the small differences in vibrational frequencies and bond length used here 12 and those estimated for the JANAF tabulation. I Table 23a : Br0 2 -• Although this ion was discussed in the previous review,4 it was inadvertently not included in the T.~l,., 120':-Th.,.lIodyna .. l c: func:tlons of t.t,. Aph.nyl.,.sonl UIII relevant table there but only in the text. Hence the vibrational frequencies employed were left out, and are now listed here for the sake of completeness: VI = 709, V 2 = 324, and V3 = 680, all in cm - 1.13 Table 23b: As0 2 -• This ion was not included in the previous review. 4 Solid meta·arsenites consist 14 of pyramidal As0 3 entities sharing corners, with an As-O bond length of 0.180 nm and O-As-O angles of 100 and 126°. For the isolated As0 2 -ion, a bent structure was assumed, with the same As-O distance and with the mean value of the O-As-O angle. The Raman frequencies assigned to this ion are I3 VI = 753 cm-I, V 2 = 350 em-I, and V3 = 533 cm~l. How-' ever, the value for the stretching frequency V3 seems to be too low, in view of the value reported 15 for the isoelectronic SeO z ' Replacement of this value by 800 cm -1 as was done here, changes the entropy at 298.15 K by -1.5 J K-I mol-I. Table 25a : NpO~ -r • This ion was discussed only briefly in the previous review,4 but was accorded a full treatment in a subsequent paper,s where the sources of the data were given and their selection was discussed; The calculations are based on the 237Np isotope, on a symmetrical linear ion with an Np-O distance of 0.180 nm, and on the following vibra· tional frequencies: VI = 863 cm -J, V2 = 220 cm -1 (doubly degenerate), and V3 = 934 em-I. The ground state for the odd electron has} = 5/2, the first excited level at 6752 cm -1 hasj = 7/2, but is not effectively involved in the temperature range of interest. Table 25b : PuO~ + . The same general comment applies as for Table 25a . The calculations are based on the 239pU isotope, the Pu-O distance of 0.182 nm, the frequencies VI = 835,1'2 = 220, and V3 = 930 cm -1, and onj = 4 for the ground electronic state, j = 0 for the first excited state at 2445 cm -1, andj = 1 for the second one at 4258 cm -1, both of the latter making small contributions to the thermodynamic functions at the higher temperatures. Table 25c : AmO~ + . The same general comment applies as for Table 25a . The calculations are based on the. 241 Am isotope, the Am-O distance of 0.183 nm, the frequencies 1'1 = 796, V 2 = 216, and V3 = 914 cm-I , and on} = 9/2 for the ground electronic state. The first excited state at 8889 cm -1 is not of significance for the temperature range of interest. Table 26 : UO/ . The same general comment applies as for Table 25a . The calculations are based on the U-O distance of 0.181 nm, the frequencies VI = 759, V 2 = 211, and V3 = 892 em -1, and on} = 5/2 for the ground electronic state. The first excited state at 6800 cm -1 with} = 7/2 is not significant for the temperature range of interest. Table 26a : Np02+ . The same general comment.applied as for Table 25a . The calculations are based on the 237Np isotope, the Np-O .distance of 0.183 nm, the frequencies VI = 767, V2 = 186, and V3 = 787 cm-I, and on} = 4 for the ground electronic state,} = 0 'for the first excited state at 2475 cm-I, and} =,1 for the second one at 3893 cm-I . as Table 25a . The calculations are based on the 239pU isotope, the Pu-O distance of 0.185 nm, the frequencies VI = 748, V 2 = 187, and V3 = 792 cm -12, and on j"; 9/2 for the ground electronic state. The first excited state at 8143 cm -I with} = 11/2 is not contributing in the temperature range of interest. Table 26c : Am0 2 + . The same general comment applies as for Table 25a . The calculations are based on the 241 Am isotope, the Am-O distance of 0.186 nm, the frequencies VI = 730, V 2 = 186, and V3 = 788 cm -1, and on} = 1 for the ground electronic state .. No information is available on the low-lying excited states, hence the calculations provide on~y a lower limit for the thermodynamic functions. The systematics of the resulting values for the actinide -yl ions indicates 5 that some contribution from' the excited electronic states should be expected. Table 31 : AgI; . Only the linear configuration of this ion was used for the present calculations. Table 56 : MnO~ -. The ground state for the odd electron is 2E, with} = 3/2. The first excited state is at 16 500 em - 1, 16 and is nut Id~val1t at the temperature range of interest. Table 67a : Hg(CN)~-. This ion was not included in the previous review. 4 It is regularly tetrahedral (TeO symmetry number 12), with linear Hg-C-N groupings, Hg-C distances of 0.222 nm and C-N distances of 0.115 nm according to Griffiths.17 The following vibration frequencies (in cm-I ) have been adupL~d fIumJum:::s IR : 'VI 2148, V2 -335 (non-degenerate), V3 = 245, V4 = 63 (doubly degenerate), V5 = 2146, V6 = 330,1'7 = 235, Vs = 54, and V9 = 180 (triply degenerate). The lines corresponding to V1 and V 4 are not observed in the spectra, but their frequencies were estimated by Jones. IS Table 76a : AuBr 4 -•. This ion was not included in the previous review.4 It is square planar (D4h' symmetry number 8), with an Au-Br distance of 0.257 nm and the fOllowing vibration frequencies (in cm -1) according to Goggin and Mink l9 : VI = 214. V 2 = 99. V 2 = 196. V 1 = 106. Vs 61 (non-degenerate), V 6 = 222, and V7 106 (doubly degenerate). The V 5 vibration was not observed in the spectrum, and its frequency was estimated. 19 Table 76b: Ag(NH 3 >t. This ion was not included in J. Phys. Chern. Ref. Data, Vol. 16, No.1, 1987 the previous fey,iew. 4 According to Miles et 01.20 and to Geddes et 01.,21 it has a linear N-Ag-N grouping with Ag-N distances qf 0.188 nm, and regular tetrahedral Ag-NH3 groupings with N-H distances of 0.103 nm. The -NH3 groups were not taken as rotating freely around the Ag-N bonds, since a torsion frequency has been assigned to the corresponding vibration. Hence the ion has a D3d symmetry and a symmetry number of 6. The skeletal vibrations are at 400 and 476 cm-I (Ag-N stretches) and 211 nd 221 cm-I (N-Ag-N bends), and the ammonia~group vibrations' are at 265 cm-I (torsion), 648 and 653 cm-1 (rockings, both doubly degenerate), 1283 and 1300 cm -1 (H-N-H bends), and further vibrations at > 1600 cm -1, which are of no concern for the present purpose. 2 0,21 Table 77 : Pd(NH3)~ +. No values for possible torsion frequencies of the -NH3 groups around the Pd-N bonds were reported. Free rotation of these groups around the bonds was therefore assumed for this ion. The uncertainty introduced in consequence was discussed in the previous review. 4 Table 78: Pt(NH3)~+' Free rotation of the -NH3 groups around the Pt-N bonds was assumed also for this ion, since 110 values for possible torsion frequencies were reported. The uncertainty introduced in consequence was discussed in the previous review . 4 Table 102: ReCl~ -. The ground state for this 5d 3 ion 4r 2 with} = 3/2. The first excited electronic state is at about 14 500 cm -1,22 and is not significant at the temperature range of interest. Table 104 : IrCI~ -. The ground state of this 5d 5 ion is 2T 2g with j = 5/2. The first excited electronic state is at about 17 000 cm -1, and is not significant in the temperature range of interest. 23 ' Table 108 : Fe(CN)~-. The ground state of this 3d 5 ion is 2T 2g with} = 5/2. No information was presented concerning the first excited electronic level, but it is expected to be located sufficiently high for it not be involved in the present l,;ah;uh1tiuns. ?3 Table 110: Co(NH3)~ +. Free rotation of the -NH3 groups around the Co-N bonds was assumed for this ion, in view of the absence of assigned values for torsion frequencies. Octahedral Oh symmetry, with a symmetry number of 24 was therefore assumed. The uncertainty introduced thereby was discussed in the previous review . 4 Table 116: CH 3 S0 3 • This ion was not included in the previous review. 4 The structural data are from Wei and Hin-gerty24 for the sodium salt: both parts of the ion are tetrahedral. with the regular tetrahedral anglp.~ for H-C.-H ::md 112.0° and 106.8° for O-S-O and O-S-C ones, respectively. The average S-O bond distance is 0.1448 nm, the C-H one is 0.097 nm, and the S-C one is 0.1754 nm. Similar data were given for the silver and the cesIUm salts by Charbonnier et al. 25 and by Brandon and Brown. 26 Since there is spectroscopic evidence (see below) for hindered (rather than free) rotation ::Ironnd the C-S hond, the symmetry number was taken as 3. The vibration frequencies and their assignments are from a Raman spectroscopic study of an aqueous solution by Gillespie and Robinson,27 and were confirmed by Kaman and mfrared studies by Miles et aI., 28 Burger et al., 29 and Campbell et al .. 30 For the torsion mode v 6' however, the value obtained from nonelastic neutron scattering experiments by Ratcliffe et al. 31 was used. The frequencies in em -I are: VI = 2943, V2 = 1368, V3 = 1050, V 4 778, V5 = 560, V6 = 261 (nondegenerate), , V7 = 3020, Vs = 1435, v9 = 1177, YIO = 960, VII = 533, V12 = 344 (doubly degenerate). Table 117 : CF 3 S0 3 -• This ion 'was not included in the previous review. 4 The structural data are from Olofson et al. 32 ,33 for the hydronium salt (i.e., the monohydrated acid). Both parts of the ion are tetrahedral, with the regular tetrahedral angles for F-C-F and 114.2° and 104.1° for O-S-O and O-S-C ones, respectively. The average S-O bond distance is 0.1440 nm, the C-F one is 0.1312 nm, and the S-C one is 0.1825 nm. The symmetry number was taken as 3, as for the analogous CH 3 S0 3 -ion, see comment on Table 116 . The vibration frequencies and their assignments are from a Raman spectroscopic study of an aqueous solution by Miles et al.,2s which were confirm~d by Raman and irifraredstudies by OHllsewt':iu l:lml Bt::lnn, ~4 B~rgel et ul.,?j:t HIlll Bl:llycheva et af.35 However, no value for the torsion mode V6 was reported, so that it was estimated to be 65 ± 15 cm -I, on the basis of the corresponding torsion frequencies of the acetate' and trifiuoroacetate anions, see the previous review. 4 The other frequencies used, in em-I, are: VI 1230, V 2 = 766, V3 == 1038, V 4 = 321, V5 = 580 (nondegenerate)r','v 7 1285, V8 = 520, V9 = 1188, VlO = 208, v]] =635, and V 12 = 353 (doubly degenerate). The uncertainty caused by that in v 6 amounts to ± 4 J K -I mol-I in the entropy at 298.15 K. Table 118 : B (C6H~)';-. This ion was not included in the previous review, 4 but was discussed in detail in the authors' subsequent paper,6 where details of the structural data and the vibrational frequencies are given. 
